The objective of this study was to formulate aripiprazole (ARI)-loaded pH-modulated solid dispersions (SD) to enhance solubility, dissolution, and bioavailability via hot-melt extrusion (HME) technology. Kollidon® 12 PF (PVP) and succinic acid (SA) were selected after solubility screenings of various polymers and acidifiers. Several formulations, varying in screw speed and drug/polymer/acidifier ratios, were extruded using an 11 mm twinscrew extruder and were investigated for the effect of these variables. Scanning electron microscopy (SEM), differential scanning calorimetry (DSC), and X-ray diffraction (XRD) were used to perform solid-state characterizations of the pure drug and extrudates. The aqueous solubility and dissolution were evaluated for the pure drug and milled extrudates. Among the prepared formulations, N6 was chosen for in vivo absorption studies. Solid-state characterization demonstrated the transformation of the crystalline ARI to an amorphous state in the formulations. Each formulation showed increased solubility and dissolution compared to the drug powder. The oral bioavailability (C max and AUC 0-12 ) of N6 was significantly improved when compared to the pure ARI. This novel study not only discusses the incorporation of acidifiers in SDs but also the preparation of SDs using HME technology as effective techniques to improve drug release and bioavailability.
Introduction
It is well known that poorly water-soluble drugs have limited dissolution behavior and consequently, low bioavailability. Also, these types of drugs are often weakly acidic or basic, having a pH dependent solubility (Tran et al., 2010) . Converting crystalline drugs into an amorphous form is a common method to improve the dissolution kinetics and bioavailability of such drugs. Highly crystalline compounds have an ordered lattice structure that requires more energy for the dissolution media to disrupt compared the chaotic amorphous form (Fousteris et al., 2013; Konno et al., 2008) . However, the disadvantages to amorphous compounds are that they are thermodynamically unstable and might recrystallize. Therefore, studies focusing on the solubilization of poorly-water soluble drugs are becoming more popular in the pharmaceutical industry.
Various techniques are available to enhance the dissolution and bioavailability of poorly water-soluble drugs. Among those techniques that have been successful are nanoparticle formation (Ma and Williams (2018) , Yousaf et al., 2016) , particle size reduction (Jinno et al., 2006; Loh et al., 2015) , salt formation (Grifasi et al., 2015; He et al., 2018) , complexation with hydrophilic substances (Chi et al., 2015; Mennini et al., 2016) , and solid dispersion (Huang and Dai, 2014; Kim et al., 2016; Rashid et al., 2015; Vasconcelos et al., 2007) . Solid dispersions (SD) have shown to be one of the most successful ways to enhance the solubility and therefore, dissolution of drugs.
In short, solid dispersion is defined as a molecular mixture of drug in an inert carrier, often a hydrophilic carrier. The transformation of the crystalline drug to the amorphous form and reduction of particle size for better wettability are the main mechanisms in which a SD is able to improve drug dissolution (Tran et al., 2008 (Tran et al., , 2010 . The polymers in solid dispersions also help to stabilize the amorphous form of drug and prevent recrystallization. The mechanisms responsible for these effects include antiplasticization by the polymers, drug-polymer interactions in the SD, polymeric carrier viscosity and the glass transition temperature of the SD (Andrews et al., 2010; Fousteris et al., 2013; Konno et al., 2008) . In this study, the solid dispersions were developed using hotmelt extrusion (HME) technology. HME is often used to prepare SDs in attempt to overcome the challenge of low bioavailability drugs. HME is a continuous process that operates under defined conditions. The following parameters can be varied in the HME process to achieve a consistent product: screw rotating speed, rate of the feed materials, temperature, and shear (Repka et al., 2011) . Raw materials are fed through a heated barrel, containing rotating screws that are divided into different zones for mixing and conveying. The materials are also melted and plasticized as they travel the length of the barrel. Several advantages of using HME technology are short processing time, continuous process, solvent-free, and scalable process (Hwang et al., 2017; Repka et al., 2018) . HME has shown to be successful in improving the bioavailability due to the uniform drug dispersion of the final product.
In addition to solid dispersions, modulation of pH by a pH modifier is another effective method to manipulate the release rate of poorly water-soluble drugs to improve bioavailability (Tran et al., 2008 (Tran et al., , 2009 (Tran et al., , 2010 . In this study, the addition of an acidifier as a pH modifier to the SD was studied to determine the effect it had on the solubility of aripiprazole (ARI). Acidifiers are considered to be an important component to maintaining the micro-environment pH (pH m ) for weakly basic drugs. The pH modifier is released upon dissolution and surrounds the drug particles, modulating the pH to improve drug dissolution. Lower pH m are necessary to enhance the drug dissolution for drugs with a higher solubility in more acidic environments (Taniguchi et al., 2014; Tran et al., 2010) .
The objective of this study was to formulate solid dispersions via HME technology with an acidifier incorporated as a pH modifier. Aripiprazole (ARI, Fig. S1A ), a weak alkaline drug with pH-dependent solubility in aqueous solutions (Borbás et al., 2015; Xu et al., 2012) , was chosen as the model drug. Since many drugs are pH-dependent, this study provides mechanistic insights on the importance of pH modifiers in the SDs in order to enhance bioavailability. Also, few drugs on the market are now being produced using HME technology. As this method gains popularity in the pharmaceutical industry, more research is needed on the possibility of SDs being produced by HME technology (Kadam and Desai, 2017) . This study is innovative in that it incorporates two techniques, hot-melt extrusion and pH modulation, in developing solid dispersions that are successful in improving drug dissolution and bioavailability of pH dependent drugs.
Materials and methods

Materials
Aripiprazole (melting point at 137-142°C) was obtained from Nexconn Pharmatechs Ltd. (Tseung Kwan O, Hong Kong). Phenacetin (internal standard, IS, Fig. S1B ) was purchased from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). Acidifiers (adipic acid, citric acid, fumaric acid, malic acid, maleic acid, stearic acid, succinic acid, and tartaric acid) were purchased from Spectrum Quality Products, Inc. (Gardena, CA, USA). Kollidon® 12 PF and Soluplus® were generously supplied by BASF Corporation (Florham Park, NJ, USA). AquaSolve™, HPMCAS-LG, Klucel™ EXF, Benecel™ E15, Benecel™ K15M, and Natrosol™ 250L were gifted by Ashland, Inc. (Lexington, KY, USA). All other chemicals used were reagent grade and were used without further purification.
Solubility screening of the acidifiers and polymers
The acidifiers and polymers listed above were screened to select the appropriate components for the SDs. The samples contained 15 mL of deionized water and 150 mg of acidifier or polymer to make 1% aqueous solutions. Excess amount of ARI was added to a 2.0 mL microtube containing 1.2 mL of each aqueous solution. The aqueous solutions were vortexed vigorously and placed in a shaking water bath at 100 RPM and 37°C for five days. Then, they were centrifuged for 10 min at 25°C and 13,200 RPM to separate the undissolved ARI. The supernatant solutions were filtered and diluted with deionized water for quantification of ARI by an UV-Vis spectrophotometer (Genesys 6, Thermo Scientific, USA). The absorbance was measured at 249 nm with a spectrophotometer against deionized water as a blank. All tests were repeated in triplicates.
Pre-formulation thermal analysis (DSC and TGA)
The miscibility, interaction and thermal stability of ARI, succinic acid (SA), Kollidon® 12 PF (PVP), and physical mixture (PM, 1:1:1 wt ratio) were analyzed using DSC (Perkin Elmer Diamond DSC) and TGA (Perkin Elmer Pyris 1 TGA) instruments. For the DSC, all samples weighed about 5 mg and were sealed in an aluminum pan. An empty aluminum pan was used as a reference. The samples were heated under nitrogen gas for one minute at 25°C and then heated to 200°C at a rate of 10°C per minute. The thermal stability of the components and the PM was evaluated using TGA over the temperature range of 60°C to 220°C. About 3-4 mg of samples were placed in an aluminum crucible and heated at 10°C per minute under a controlled atmosphere of nitrogen. Percent weight loss was plotted against temperature to determine weight loss.
Preparation of pH-modulated solid dispersions and tablets
ARI (20-40% w/w), PVP (60-80% w/w) and SA (0-10% w/w) were blended using a V-shell blender (Maxiblend, GlobePharma) and extruded at 120°C using a twin-screw extruder (Process 11, Thermo Fisher Scientific) with a standard configuration. The screw speed was varied from 80 to 120 RPM. Then, each extrudate was milled into a fine powder using a laboratory grinder and sieved using a #30 ASTM mesh. For the tablets, MCC (microcrystalline cellulose), Ac-Di-Sol (croscarmellose sodium), and MS (magnesium stearate) were chosen as the excipients in a weight ratio of 90:9:1, respectively. A combined 300 mg of formulation and excipients were compressed to make tablets for the dissolution study (Table S1 ). Each tablet contained 30 mg of drug, which is comparable to the amount of drug in the commercialized product. The compression for the tablets was 35 kg/cm to maintain a breaking force around 10 kp. A single punch tablet press with 10 mm punches was used to compress the tablets.
Solubility and dissolution of formulations
The aqueous solubility and % drug release were evaluated for the milled extrudates and the pure drug. For the solubility study, an excess amount of the formulation was added to 1.2 mL of deionized water. The samples were then placed in a sonication machine to ensure complete mixing. The samples were made in triplicates and placed in a shaking water bath at 37°C and 100 RPM for five days. Then, they were centrifuged for 10 min at 25°C and 13,200 RPM. The absorbance of each sample was evaluated using UV spectroscopy at 249 nm. The dissolution studies were performed using a Hanson SR8-Plus™ Dissolution Test Station. The tablets were placed in 900 mL of distilled water at 37 ± 0.5°C to determine drug release. The paddle method was employed at a rate of 75 RPM. One milliliter of the media was extracted for each tablet at 5, 10, 15, 20, 30, 45 , and 60 min and an equivalent volume of fresh media was replaced. The absorbance was measured at 249 nm with a spectrophotometer against deionized water as a blank. All tests were repeated in triplicates.
2.6. Design of experiment MODDE 8.0 was the design of experiment (DoE) software applied to identify the effect of screw speed and drug/polymer/acidifier ratio on solubility and dissolution. It used a 2 3 full factorial design to provide 11
formulations that varied the drug content from 20% to 40%, the acidifier content from 0% to 10%, and the polymer content from 60% to 80%. The screw speed of the extrusion process was also varied from 80 to 120 RPM. The hot-melt extrusion formulations are shown in Table 1 . 
Solid-state characterizations
SEM, DSC, and XRD were used to perform solid-state characterizations of the pure drug and optimal formulation. SEM (JSM-5600 SEM) was used to explore the shape and surface morphology of ARI, SA, PVP, and N6 formulation. For DSC, around 5 mg of sample was sealed in an aluminum pan with an empty aluminum pan for comparison. The samples were heated at 25°C for one minute before being heated to 200°C at a rate of 10°C per minute. Nitrogen gas was used in the DSC analysis. The solid state of ARI, SA, PVP, and N6 was determined with a powder X-ray diffraction apparatus (Bruker AXS, Madison, MI), using CuKα radiation at 40 kV generator voltage and 40 mA current. The diffraction angles ranged from 5°to 40°(2θ) with a scanning rate at 2°p er minute.
Dissolution of optimal formulation
The dissolution studies were performed using a Hanson SR8-Plus™ Dissolution Test Station. ARI, N6, and N6 tablet blend, containing 30 mg of drug, were placed in 900 mL of deionized water and simulated gastric fluid (SGF) without enzymes at 37 ± 0.5°C to determine the drug release. The paddle method was employed at a rate of 75 RPM. One milliliter of the media was extracted for each tablet at 5, 10, 15, 20, 30, 45, and 60 min and an equivalent volume of fresh media was replaced. The absorbance was measured at 249 nm with a spectrophotometer against deionized water or SGF without enzymes as a blank. All tests were repeated in triplicates.
Liquid chromatography
The chromatographic analysis was performed using Acquity™ Ultra Performance LC, equipped with binary solvent and sample manager (Waters, Milford, MA, USA). The 5 µL aliquots of processed samples were injected into an Acquity UPLC® HSS T3 (1.8 µM, 2.1 × 50 mm, Milford, MA, USA). The binary mobile phase system consisted of reservoir A (0.1% formic acid in Milli Q water) and reservoir B (acetonitrile) which ran on a gradient program with a flow rate of 0.3 mL/ min. This was used throughout the analytical run of 4 min.
Mass spectrometry
Quantitation was achieved by MS/MS detection in positive ion mode for analyte and IS (phenacetin) using a Waters Xevo® TQD (Waters, Milford, MA, USA) mass spectrometer, equipped with standard electrospray ionization (ESI). The source parameters viz., source temperature, desolvation temperature, cone gas flow, and desolvation gas were 150°C, 200°C, 25 L/h, and 650 L/h, respectively. Nitrogen was used as the nebulizer and cone gas while argon was used as the collision gas. The ESI conditions were optimized for ARI and IS by performing quadrupole full scan in positive ion detection mode. Analytes were infused directly; the mass spectra for ARI and IS revealed peaks at m/z 450.18 and 180.9, respectively, as protonated molecular ions [M+H] + . The mass spectrometry conditions were optimized, and the compound parameters obtained were used for quantification purposes. The compound parameters viz. cone voltage and collision energy for ARI were 12 and 16 V, respectively. These parameters for IS were 64 and 24 V, respectively. Detection of the ions was performed in the multiple reaction monitoring mode: monitoring the transition of the m/z 450.18 precursor ion to the m/z 287.03 product ion for ARI; 180.9 m/z precursor ion to the m/z 136.88 product ion for the IS. The analytical data were processed by MassLynx software.
Preparation of calibration standards
The primary stock solution of 1 mg/mL of ARI was prepared by dissolving ARI in methanol. This stock solution was diluted with 80% methanol for working standards of ARI. The working standards were used to develop calibration standards. The working IS solution of 2000 ng/mL was prepared in acetonitrile. To an aliqot of 45 µL of plasma, 5 µL of working standards and 20 µL of IS were spiked to prepare the calibration standard in the range of 5-4000 ng/mL.
Animals
Male Sprague-Dawley rats with body weights of 250 ± 20 g were purchased from Envigo and were given time to acclimate. The animals were housed in a room where the temperature and humidity were controlled with a 12 h light/dark cycle. Necessary approval from the Institutional Animal Ethics Committee was obtained to carry out the experiments. The study was conducted per study protocol (Number: 16-017) at the University of Mississippi, School of Pharmacy, USA.
Pharmacokinetic experiment
The pharmacokinetic study of ARI, N6, and N6 tablet blend was performed in rats. The rats were fasted overnight but were allowed free access to water. Eighteen rats were randomly divided into three groups (n = 6). The rats were intragastrically administered a single dose of 20 mg/kg ARI in a 0.5% HPMC suspension. Then, 0.3 mL of blood was sampled from the jugular vein at 5 min, 15 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h after administration. Approximately 0.2 mL of plasma was obtained by centrifuging the blood samples at 8000 RPM for 10 min and 4°C. Plasma samples were kept at −80°C until further analysis.
Sample preparation
The protein precipitation extraction trials were performed using organic solvents, acetonitrile and methanol, with and without acidification and alkalinizing to enhance the recovery of analyte from rat International Journal of Pharmaceutics 554 (2019) 302-311 plasma. The recovery of ARI and IS from plasma samples was evaluated.
The peak area ratio of analyte and IS was considered for calculation. ARI and IS were extracted from plasma using protein precipitation method in which 200 µL of acetonitrile was added to 50 µL plasma samples with analyte and IS and then vortexed for 2 min. These samples were centrifuged at 13,000 RPM and 4°C before supernatants were transferred to vials for analysis. The study demonstrated that the recovery of ARI from rat plasma was higher, concentration independent, and reproducible with acidified acetonitrile. The extraction recovery for ARI and IS from rat plasma was 91.70 ± 2.95% and 94.30 ± 4.12%, respectively.
Statistical analyses
Experimental values were calculated as mean ± standard deviation. The plasma concentration-time curve was plotted where each time point represented n = 6. The pharmacokinetic parameters were calculated with the mean plasma concentration of rats at each time 
Results and discussion
3.1. Pre-formulation solubility screening ARI, a weakly basic drug, has been known to have a pH-dependent solubility (Mihajlovic et al., 2012) . Preliminary studies showed that ARI had higher levels of drug solubility in more acidic environments (Fig.  S2) . ARI was most soluble at pH values of 1.2 and 4.0 and had very low solubility in pH solutions above 6.8. Appropriate acidifying agents and hydrophilic polymers were screened to improve the solubility and dissolution of ARI. The various polymers and acidifiers were prepared as 1% aqueous solutions to test the drug solubility in each solution. UV spectroscopy was employed to evaluate the solubility of ARI in each polymer and acidifier. The samples were analyzed at 249 nm which was the wavelength used in a study by Silki and Sinha (2018) . All of the acidifiers, except for stearic acid, significantly increased the drug solubility compared to the pure drug. Fig. 1A showed that ARI had the highest level of drug solubility with maleic acid (1750 ± 390 µg/mL). However, maleic acid was not hot-melt extrudable due to stability issues at low temperatures. Therefore, succinic acid was chosen as the acidifier since ARI had the second highest level of solubility with SA (1100 ± 100 µg/mL). Most of the acidifiers increased the drug solubility above 300 µg/mL whereas most of the polymers were less than 300 µg/mL. The solubility of ARI with the polymers was very dependent on the type of polymer. Fig. 1A showed that ARI had the highest amount of solubility in Kollidon® 12 PF (PVP, 750 ± 95 µg/mL), which was chosen as the polymer for this study.
DSC and TGA of formulation components
The thermal stabilities of ARI, SA, PVP, and PM were analyzed using 
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DSC and TGA techniques. These techniques can provide information about the decomposition, melting, recrystallization, or change in specific heat capacity for each component (Marasini et al., 2013) . The curves for each component in the DSC are shown in Fig. 2A . ARI had a peak around 140°C which corresponded to its melting point. PVP displayed a horizontal line over the temperature range analyzed, indicating it is amorphous. Succinic acid had a melting point around 190°C. The physical mixture had a small peak around 140°C, which correlated with the melting temperature of ARI. This peak indicated that as the components in the PM are heated, there are no interactions between the ARI, SA, and PVP. TGA was used to determine the decomposition of the components from 60°C to 220°C. The curves provided useful information for the hot-melt extrusion temperature to avoid decomposition. In Fig. 2B , the ARI and SA curves did not contain any moisture nor did they decompose over the temperature range. PVP, a highly hydrophilic polymer, had about a 5 wt% moisture content, which was also evident in the PM curve. The 5% weight loss was the water being evaporated at lower temperatures.
Hot-melt extrusion technology
MODDE 8.0 design of experiment software was employed to develop several formulations that varied in screw speed and drug/acidifier/polymer content to investigate these effects on the solubility and dissolution of ARI. The results from the computation are provided in Table 1 . The formulations were extruded at 120°C because this was the lowest temperature at which they could be extruded. Lower temperatures are more likely to a produce a product with more physical stability. Fig. S3 illustrated the physical differences in each of the formulations. N1-2 and N5-6 contained 20% of ARI while N3-4 and N7-8 contained 40% of ARI. N1-4 contained no acidifier while N5-8 contained 10% of acidifier. N9-11 all contained 30% ARI and 5% SA. Fig.  S3 showed that the varying content of ARI, SA, and PVP changed the coloring of the extrudates.
Solubility and dissolution of the formulations
Hot-melt extrusion is a growing technology in the pharmaceutical industry to develop solid dispersions. With this technology, the SDs are created by dispersing the drug within a hydrophilic polymeric carrier as the components are melted and mixed throughout the length of the heated barrel of the extruder. The SDs improve the drug release in aqueous media, which in turn enhances bioavailability. The SD is able to achieve this improvement by converting the crystalline drug into an amorphous form. The ability of SDs to enhance the bioavailability, especially for poorly water-soluble drugs, is one of its great advantages.
Modulation of pH has been reported as another way to manipulate the drug release for pH-dependent drugs. For weakly basic drugs, such as ARI, including a weak acid as a pH modifier in the solid dispersion can enhance the drug release. The pH modifier achieves this by lowering the micro-environment pH, which is described as the pH of the saturated solution in the environment immediately surrounding the drug particles (Tran et al., 2008) . The dissolution media penetrates the tablet, causing the acidifier to release and envelope the drug particles (Tran et al., 2010) . The acidifier helps to maintain an optimal pH near the drug particles to improve drug release, which is important for pH dependent drugs.
The effects on ARI of the various formulations, with and without acidifier, are shown in Fig. 3 . All formulations showed improved levels of solubility and drug release compared to the pure drug. However, the varying polymer and acidifier content accounted for fluctuations in the solubility and drug release profiles. In Fig. 3 , the formulations that contained acidifier (N5-N11) had the highest levels of drug solubility (> 150,00 µg/mL) and better drug release profiles (> 90%) compared to the pure drug and other formulations. These formulations also lowered the pH of the dissolution media to around 4.5-5.5 compared to 6.75 for the pure drug (Table 2) . N5-N8 (10% SA) showed even slightly higher drug release than N9-N11 (5% SA), which was likely due to the increase in acidifier. Although N1-N4 had better solubility (7000-1300 µg/mL) and drug release (15-40%) compared to the pure drug, these formulations did not perform as well as those with acidifier (N5-N11). Therefore, these results proved that the acidifier is successful at lowering the pH m which enhanced the dissolution of the drug.
Hydrophilic carriers, like PVP, have proven to be successful in producing amorphous solid dispersions with poorly-water soluble drugs to enhance drug release (Fousteris et al., 2013; Tran et al., 2010) . However, the ratio of drug to carrier has shown to have an effect on drug release. The more carrier present, the more a drug is converted into the amorphous form, which leads to greater drug release (Fousteris et al., 2013; Tran et al., 2009 ). These same results were evident in this study with N1 through N4, which contained no acidifier. Fig. 3B showed a distinct gap between the release profiles of N1-N2 and N3-N4 whereas the release profiles of N5 through N11 are relatively similar. This clear difference for N1 through N4 was due to the ratio of drug to polymer. N1 and N2 had 20% ARI and 80% PVP. For N3 and N4, the content was 40% ARI and 60% PVP. The higher drug content SDs might be saturated because there were lower levels of polymer present (Fousteris et al., 2013) . Therefore, N1 and N2 were unsaturated SDs with more hydrophilic PVP and had better drug release rates.
All formulations, regardless of their composition improved the solubility and drug release of ARI compared to the pure drug. N1 through N4, which do not contain acidifier, demonstrated the importance of the drug to carrier ratio in the solid dispersions. Higher drug content and therefore, lower polymer content decreased the drug release. However, the ARI/PVP only solid dispersions were not as successful as those formulations with a pH modifier. The acidifier further enhanced the solubility and drug release for N5 through N11 by lowering the pH of the media. These results demonstrate the advantages of acidifier incorporation in solid dispersions.
Design of experiment and response surface
The DoE was used to investigate the effects screw speed, drug content, and acidifier content had on the dissolution at 30 min and 60 min, solubility, and pH. The DoE used the following model equation to calculate these effects:
a x a x a x x a x x a x x b 1 1 2 2 3 3 12 1 2 23 2 3 13 1 3
(1)
The first three terms were the effects of screw speed, drug content, and acidifier content, respectively. The fourth term was the effect of screw speed and drug content while the fifth term was the effect of screw speed and acidifier content. The sixth term was the effect of drug and acidifier content. The statistical effects of these variables are displayed in Table 3 . The outputs, y n , were dissolution at 30 min, dissolution at 60 min, solubility, and pH, respectively. The magnitude of each term determined which variable impacted the output the most. For the dissolution at 30 min (y 1 ), the acidifier content (a 3 x 3 ) had the greatest effect. This was also true for the dissolution at 60 min (y 2 ). Since the value was positive for these terms, the drug release rate increased as the acidifier content increased. For the solubility (y 3 ) and pH (y 4 ), the drug content (a 2 x 2 ) and acidifier content (a 3 x 3 ), separately, greatly impacted the outputs. For the solubility output and drug content term, the value was negative, indicating that the solubility decreased with increased drug content. The value was positive for the solubility output and acidifier content term, which means the solubility increased with increasing acidifier. The opposite was true for the pH output. The value was positive for the pH output and drug content term, so the pH increased with increasing drug content. However, the pH decreased with increasing acidifier. Since the drug is alkaline and the acidifier was shown to lower the pH, these correlations are valid.
The R 2 value was an indication of how closely the data fit the model.
The closer this value was to 1, the better the data fit the model. Since the R 2 values in Table 3 were fairly close to 1, the model was acceptable for the data. The p-value determined if the model was statistically significant or not. Typically, data is considered statistically important if p is less than 0.05. However, this particular software suggested that it is Fig. 7 . Mean plasma concentrations of ARI in of N6, N6 tablet blend, and pure ARI (n = 6). Table 4 Pharmacokinetic parameters of ARI, N6, or N6 tablet blend after a single oral dose of 20 mg/kg to rats. Each value represents the mean ± S.D. (n = 6). * P < 0.05, compared to pure ARI; # P < 0.05, compared to N6. statistically important if p is less than 0.2. Each of the models above had a p-value less than 0.2, so each model was statistically significant. The DoE was also used to produce visual representations of the effects the factors have on the outputs (Fig. 4) . The screw speed only showed an effect on the dissolution at 30 min (Fig. 4A) . As the screw speed was increased, the drug release rate at 30 min also increased. Fig. 4B illustrated how the drug release rate at 60 min increased with increasing amounts of acidifier. In Fig. 4C , the solubility also increased with increasing amounts of acidifier. To produce Fig. 4D , the screw speed was set to 100 RPM. The two criteria that had to be met were drug release from 60% to 100% at 30 min (criteria 1) and drug release from 90% to 100% at 60 min (criteria 2). Fig. 4D showed the combinations of acidifier and drug content that met these criteria. The blue areas were the combinations of acidifier and drug content that met criteria one. The red area, or the sweet spot, was the combination of acidifier and drug content that met both criteria.
Optimal formulation and characterization
Several factors were used to determine the optimal formulation for further studies. As discussed in the previous section, as the drug content decreased, the drug solubility was increased. Therefore, N5 and N6 (20% ARI) showed slightly higher drug solubility in Fig. 3A compared to N7-N8 (40% ARI) and N9-N11 (30% ARI). The DoE results also demonstrated that greater acidifier led to greater drug release at 30 and 60 min. N5 through N8 (10% ARI) had comparable drug release profiles in Fig. 3B but were all slightly better than N9 through N11 (5% ARI). N5 and N6 were also able to lower the pH of the dissolution media better than the other formulations (Table 2) . Fig. 4A demonstrated that faster screw speeds led to better drug release within the first 30 min of dissolution. Therefore, N6 (120 RPM) was chosen as the optimal formulation instead of N5 (80 RPM) and was further characterized before in vivo studies.
DSC and XRD were applied to the optimal N6 formulation and components for crystallinity analysis. As previously discussed, PVP had an amorphous structure whereas ARI had a melting point around 140°C. Since the drug melting point peak was not present in the DSC curve for N6 (Fig. 5A) , it can be inferred that the crystalline drug was transformed into the amorphous state. In the DSC curve for the PM, there was a small peak corresponding to the ARI melting point, 140°C. The drug in the PM still maintained some degree of crystallinity. Therefore, it can be concluded that the hot-extrusion process with the polymer changed the crystalline drug to the amorphous form. XRD was used to further confirm the amorphous structure of the optimal N6 formulation. The XRD graph of pure ARI was highly crystalline, having various characteristic peaks. The curve for N6 was smooth with the ARI peaks no longer being present (Fig. 5B) . These results indicated the drug in the N6 formulation was completely converted into amorphous state. The DSC and XRD graphs proved that the optimal N6 formulation had been transformed into the amorphous state.
The DSC and XRD confirmation of ARI being amorphous was valuable as it related to the performance of the drug in the in vitro studies. It is well reported in literature that poorly water-soluble APIs have improved dissolution and bioavailability when present in the amorphous state (Konno et al., 2008) . The crystalline state of the API is a highly organized lattice, which has to be disturbed in order to be dissolved, whereas the dissolution energy is minimized for the amorphous state (Fousteris et al., 2013; Konno et al., 2008) . However, amorphous materials are thermodynamically unstable and susceptible to recrystallization. Polymers are widely known to inhibit recrystallization and reduce particle size for better wettability (Konno et al., 2008; Tran et al., 2010) . Therefore, hydrophilic polymers are commonly used as carriers for hot-melt extrusion to develop amorphous solid dispersions with enhanced dissolution and bioavailability. However, as this study and Tran et al. (2010) demonstrated, the polymer alone in the SD was not capable enough to achieve 100% drug release. The incorporation of the pH modifier to the SD greatly improved the drug release and solubility compared to the formulations without acidifier.
Dissolution of optimal formulation
The effect of dissolution media pH was investigated for pure N6, N6 tablet blend, and pure ARI for comparison (Fig. 6) . Pure N6 had a % drug release of approximately 92% and 98% in water and SGF without enzymes, respectively. N6 tablet blend had a % drug release of approximately 95% in both water and SGF without enzymes, respectively. The pure drug had a release around 3% in water but was greatly increased to around 50% in SGF without enzymes. This was due to the pH-dependent solubility of ARI. Although ARI had a much greater drug release rate in the lower pH media compared to water, solid dispersions via HME and the incorporation of the acidifier in the formulation proved to further enhance the drug release rate. There is likely a synergistic effect of both the polymer and the pH modifier improving the drug release kinetics compared to the pure drug.
Pharmacokinetic application
The mean plasma concentrations of ARI, N6, and N6 tablet blend after a single oral dose of 20 mg/kg to male rats were determined at various time points up to 24 h (Fig. 7) . However, the samples at 24 h were below the limit of quantification and were excluded. The pharmacokinetic parameters of ARI, N6, and N6 tablet blend are provided in Table 4 . Statistical significance was considered for p-values less than 0.05. The C max for N6 tablet blend, N6, and ARI were 279 ± 10.0, 320 ± 48.0, and 166 ± 34.7 ng/mL, respectively. All three groups reached their C max at 2 h. The C max values for N6 tablet blend and N6 were not statistically different from each other, but the C max values for these two groups were significantly greater than the pure ARI. The AUC 0-12 for N6 tablet blend, N6, and ARI were 1329 ± 119, 1302 ± 80.3, and 832 ± 201 ng·h/mL, respectively. The AUC 0-12 values for N6 and N6 tablet blend were not significantly different from each other. However, these parameters were significantly greater for both N6 and N6 tablet blend when compared to pure ARI. Table 4 showed that the C max and AUC 0-12 were increased in N6 and N6 tablet blend compared with ARI. However, the C max of N6 tablet blend was slightly lower compared to N6 formulation, which may be due to the excipients in the blend. The t 1/2 for N6 tablet blend, N6, and ARI were 8.32 ± 0.21, 4.17 ± 0.39, and 5.26 ± 0.65 h, respectively. The t 1/2 for N6 tablet blend was significantly longer than N6 and pure ARI, but there was no statistical difference between the t 1/2 for N6 and pure ARI. The high t 1/2 for N6 tablet blend may be due to relatively slow absorption and slow elimination of ARI in the N6 tablet blend.
The in vivo study follows the trend of the solubility and dissolution results. The N6 solid dispersions improved drug solubility and drug release and subsequently, performed better than the pure drug in the in vivo study. T max and AUC 0-12 are related to the rate of absorption and extent of absorption, respectively, while C max is related to both (Daravath et al., 2015) . Thus, N6 and N6 tablet blend significantly enhanced the C max and AUC 0-12 compared to the pure ARI, indicating that both with PVP as the carrier in the SD via HME and with the inclusion of a pH modifier were capable of enhancing the bioavailability of ARI.
Conclusion
Solid dispersions via HME technology and pH modifiers are two techniques that, separately, have successfully improved drug dissolution behavior and bioavailability for poorly water-soluble drugs with pH dependent solubility. The novelty of this study was the combination of these two techniques to develop solid dispersions that performed better than the pure drug. All formulations demonstrated improved solubility and drug release of the solid dispersions compared to pure ARI. However, the formulations with acidifier (N5-N11) performed much better than the formulations without acidifier (N1-N4). DSC and XRD proved the amorphous state of ARI, which also helps to improve drug dissolution and bioavailability. The in vivo results were similar to the dissolution results in that the solid dispersions improved the bioavailability compared to the pure drug. The combination of SD via HME and the addition of pH modifiers to the SD improved the performance of the drug in both in vitro and in vivo studies.
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